The Li 2 O-Li 2 S-P 2 S 5 glasses, which were prepared by a reaction of the Li 2 S-P 2 S 5 glass and Li 2 O, hardly generated H 2 S gas in air. These glasses showed relatively high ion conductivities about 10 −4 S cm −1 at room temperature. However, these conductivities were lower than those of original sulfide glasses. In this study, an addition of LiI to the Li 2 OLi 2 S-P 2 S 5 glasses was examined in order to improve ion conductivities. The 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass showed high ion conductivity of 1.3 × 10 −3 S cm −1 at room temperature, and hardly generated H 2 S gas in air. On the other hand, the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass was electrochemically stable in the potential range of 0-10 V. Moreover, the all-solid-state C/LiCoO 2 cell using the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass as solid electrolytes worked as lithium secondary batteries at room temperature, and exhibited a good cycle performance. Therefore, the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass was a suitable electrolyte for all-solidstate cells because the glass had high conductivity, wide electrochemical window and high chemical stability to moisture.
Introduction
Secondary batteries with high energy density and long lifetime are extremely desired because of increasing demands of sustainable energy. All-solid-state lithium batteries using solid electrolytes are expected for next generation batteries with high energy density. Furthermore, the all-solid-state In/LiCoO 2 cell exhibited an almost constant charge-discharge capacity during 500 cycles. 1 Solid electrolytes with high ion conductivities are necessary for realizing all-solid-state batteries. Sulfide solid electrolytes are expected for candidates because these electrolytes showed high ion conductivities and wide electrochemical windows. 27 Li 2 S-SiS 2 based glasses had high conductivities of 10 ¹3 S cm ¹1 at room temperature. 2, 3 Li 2 S-P 2 S 5 glasses and glass-ceramics exhibited high conductivities of 10 ¹3 S cm ¹1 at room temperature and wide electrochemical windows of 05 V (vs. Li + /Li). 4, 5 Li-Ge-P-S system crystals showed very high conductivities of 10
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¹2 S cm ¹1 at room temperature. 6, 7 On the other hand, a handling of the sulfide solid electrolytes is restricted in an inert gas atmosphere because these electrolytes have low chemical stability to moisture in air. Hydrolyses of the sulfide solid electrolytes caused structural change and generated H 2 S gas. 8 The 75Li 2 S·25P 2 S 5 (mol%) glass and glass-ceramic had relatively high chemical stability to moisture in the system Li 2 S-P 2 S 5 because amounts of H 2 S gas generated from these glass and glass-ceramic in air were the least in the system Li 2 S-P 2 S 5 . Moreover, a partial substitution of oxygen for sulfur in the sulfide electrolytes was effective in suppressing H 2 S gas generation. 911 Especially, the partial substitution of Li 2 O for Li 2 S was very effective in suppressing H 2 S gas generation. 10, 11 In addition, the two-step synthesis procedure of Li 2 O and the Li 2 S-P 2 S 5 glass which was prepared in advance was significantly effective in suppressing H 2 S gas generation. 10, 11 Furthermore, all-solid-state cells using sulfide electrolytes with high stability to moisture showed good cycleabilities and storage performances at high temperature. 11, 12 Improvement of stability of sulfide solid electrolytes to moisture has relation to advancement of cell performances. The 7Li 2 O·68Li 2 S·25P 2 S 5 glass had high chemical stability to moisture, but its conductivity was lower than the 75Li 2 S·25P 2 S 5 glass. The substitution of oxygen for sulfur slightly decreased conductivity. An increase in the conductivity of the 7Li 2 O·68Li 2 S·25P 2 S 5 glass is necessary to improve cell performances. It was well known that an addition of LiI to sulfide glasses increased their conductivities. 1315 In this study, the addition of LiI to the 7Li 2 O·68Li 2 S·25P 2 S 5 glass was examined to achieve high conductivity and high stability to moisture. Conductivities and stabilities to moisture of the obtained samples were investigated. On the other hand, electrochemical stabilities of the obtained samples were measured by cyclic voltammetry. Moreover, performance of all-solid-state C/LiCoO 2 cells using the 7Li 2 O·68Li 2 S·25P 2 S 5 glass added with LiI as solid electrolytes were examined.
Experimental
The xLiI·(100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) (mol%; x = 0, 10, 20, 30, and 40) samples were prepared by the twostep mechanical milling using a planetary ball mill apparatus (Pulverisette 7, Fritch) at room temperature. First of all, a mixture of LiI, Li 2 S and P 2 S 5 was mechanically milled for 20 h. Then a mixture of the prepared LiI-Li 2 S-P 2 S 5 samples and Li 2 ) with 10 ZrO 2 balls (diameter: 10 mm) was used. A rotation speed was 370 rpm. All the processes were performed in a dry Ar atmosphere.
Conductivities of the obtained samples were determined by the AC impedance method. Pellets were obtained by a cold press of powder samples under 4 t cm
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; the diameter and the thickness of the pellets were 10 mm and about 0.4 mm, respectively. The pellets were sandwiched by stainless-steels plates as electrodes. Electrical conductivities were measured using an AC impedance analyzer (SI-1260, Solartron) in the frequency range from 100 Hz to 10 MHz at room temperature. Amounts of H 2 S gas generated from 100 mg of powder samples were measured. A H 2 S gas sensor (GX-2009, Riken Keiki Co., LTD), a fan and a Al 2 O 3 crucible filled with water were placed in a 1750 cm 3 desiccator. The powder samples were placed in the desiccator in air and a desiccator lid was closed. The samples were exposed to air in the desiccator. The amounts of H 2 S gas generated from sulfide solid electrolytes were calculated from H 2 S concentration measured by the H 2 S gas sensor. Air temperature was 2025°C. Relative humidity was ca. 80%. Structural analyses of the obtained samples were conducted by X-ray diffraction (XRD) measurements (CuKA), which were performed using an X-ray diffractometer (RINT-UltimaIII, Rigaku Corp.).
Electrochemical stabilities of the LiI-Li 2 O-Li 2 S-P 2 S 5 glasses were evaluated by cyclic voltammetry. Cyclic voltammetry was measured for two electrode cells using a stainless-steel as a working electrode and Li metal as reference and counter electrodes. The potential was swept between ¹0.3 and +10.0 V at the scan rate of 5 mV s ¹1 using a potentiostat/galvanostat device (SI1470E, Solartron). Ota et al. have reported that a large interfacial resistance between LiCoO 2 positive electrodes and sulfide solid electrolytes was greatly decreased using LiCoO 2 coated with LiNbO 3 or Li 4 Ti 5 O 12 . 16 Then, LiCoO 2 coated with LiNbO 3 was used in the present study. Laboratory-scale solid-state cells were fabricated in the following manner. A mixture of LiCoO 2 particles (Toda Kogyo Corp.) coated with LiNbO 3 and the 30LiI·70(0.07Li 2 O· 0.68Li 2 S·0.25P 2 S 5 ) sample powders with a weight ratio of 70:30 was used as a composite positive electrode material. A mixture of natural graphite (Mitsubishi Chemical Corp.) powders and the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) sample powders with a weight ratio of 50:50 was used as a composite negative electrode material. A triple-layer pellet, consisting of the composite positive electrode material, the solid electrolyte and the negative electrode material, was obtained by a cold press under 4 t cm
. The obtained pellets were sandwiched and held by two stainless-steel rods as current collectors. The all-solid-state cells were charged and discharged under a current density of 0.1 C between voltages of 3.0 4.1 V using a charge-discharge measuring device (TOSCAT3200, Toyo System Co., LTD) at room temperature. Figure 1 shows XRD patterns of the mechanically milled xLiI·(100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) (mol%; x = 0, 10, 20, 30, and 40) samples. The samples in the composition range of 0¯x¯30 show halo pattern and thus they are amorphous. On the other hand, the XRD pattern of the x = 40 sample contains peaks attributable to LiI crystal. Moreover, differential thermal analyses (DTA) were carried out for the xLiI·(100 ¹ x)(0.07Li 2 O· 0.68Li 2 S·0.25P 2 S 5 ) sample powders in a dry Ar atmosphere. All the samples showed glass transition temperatures (T g ) and crystallization temperatures (T c ). T g and T c of the samples shifted to the lower temperature side by an increase in LiI content. T g and T c of the x = 30 sample were 150 and 160°C, respectively. Therefore, the xLiI·(100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) samples with the composition range of x¯30 are glasses. Figure 2 shows electrical conductivities of the pelletized xLiI· (100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) (x = 0, 10, 20, 30, and 40) glass powders at room temperature. Conductivities of the samples increase with an increase in LiI content in the composition range of x¯30, while they slightly decrease with a further increase in LiI content. The x = 30 sample shows the highest conductivity of 1.3 © 10 ¹3 S cm ¹1 at room temperature. The samples in the composition x¯30 were amorphous as shown in Fig. 1 . Therefore, the increase in Li content in the amorphous samples mainly increases conductivity in the compositions. On the other hand, the conductivity for the x = 40 sample decreases, because LiI crystal with low conductivity remained in the sample as shown in Fig. 1 . Figure 3 shows amounts of H 2 S gas generated from the xLiI· (100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) (x = 0 and 30) and the 75Li 2 S·25P 2 S 5 glass powders. Amounts of H 2 S gas generated from the x = 0 and the x = 30 glasses are considerably smaller than that from the 75Li 2 S·25P 2 S 5 glass; the H 2 S amounts are below the lower limit of the H 2 S gas sensor. The lower limit of the H 2 S gas sensor was 0.009 cm 3 g
Results and Discussion
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. The addition of LiI to the 7Li 2 O·68Li 2 S·25P 2 S 5 glass does not adversely affect the H 2 S gas generation. Therefore, the x = 30 glass has not only high conductivity but also high stability to moisture. 14 On the other hand, the 20LiI·80(0.7Li 2 S·0.3P 2 S 5 ) glass was reported to show a wide electrochemical window up to 10 V vs. Li + /Li. 17 In the present study, the result of the cyclic voltammetry suggests that the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass is electrochemically stable in the voltage of more than 2.9 V vs. Li + /Li. Therefore the addition of LiI to sulfide glasses does not affect the electrochemical stability. The composition of the Li 2 S-P 2 S 5 glasses would relate to their electrochemical stability, although details have not been understood yet. It is thus indicated that the 30LiI·70(0.07Li 2 O· 0.68Li 2 S·0.25P 2 S 5 ) glass has a wide electrochemical window up to 10 V vs. Li + /Li. Figure 5 shows charge-discharge curves of the all-solid-state C/LiCoO 2 cell using the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass electrolyte. Measurements were carried out at a current density of 0.1 C in the voltage range between 3.0 and 4.1 V at room temperature. Charge and discharge capacities of the cell are 133 and 121 mAh g ¹1 , respectively, and its coulomb efficiency is 91%. The cell operates well as a lithium secondary battery. Moreover, cycle performance of the all-solid-state C/LiCoO 2 cell using the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass electrolyte was investigated, and the results are shown in Fig. 6 . Discharge capacity of the cell is almost constant and shows 116 mAh g ¹1 after the 30th cycle. On the other hand, the coulomb efficiency of the cell is ca. 100% after the 3rd cycle. Therefore, the 30LiI·70(0.07Li 2 O· 0.68Li 2 S·0.25P 2 S 5 ) glass can be repeatedly used as a solid electrolyte even if the potential range over 2.9 V vs. Li + /Li. The 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass, which shows high conductivity as well as high chemical stability to moisture, is expected for electrolytes materials of all-solid-state batteries.
Conclusions
The 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass showed the highest conductivity of 1.3 © 10 ¹3 S cm ¹1 at room temperature in the xLiI·(100 ¹ x)(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glasses. On the other hand, the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass hardly generated H 2 S gas in air. An amount of H 2 S gas generated from the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass was lower than 0.009 cm 3 g ¹1 , which was the lower limit of a H 2 S gas sensor. Then, the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass had a wide elec- Electrochemistry, 81(6), 428431 (2013) trochemical window up to 10 V vs. Li + /Li. Moreover, the allsolid-state C/LiCoO 2 cell using the 30LiI·70(0.07Li 2 O·0.68Li 2 S· 0.25P 2 S 5 ) glass as solid electrolytes operated lithium secondary batteries, and exhibited discharge capacity of 121 mAh g ¹1 at the 1st cycle. The discharge capacity of the cell after the 30th cycles was 116 mAh g
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. The C/LiCoO 2 cell using the 30LiI·70(0.07Li 2 O· 0.68Li 2 S·0.25P 2 S 5 ) glass showed good cycle performance. Therefore, the 30LiI·70(0.07Li 2 O·0.68Li 2 S·0.25P 2 S 5 ) glass was promising as a solid electrolyte material for all-solid-state batteries.
